Summary It is well known that some amino acids inhibit bacterial growth. L -Serine is known to inhibit the growth of Escherichia coli by inhibition of homoserine dehydrogenase (EC 1.1.1.3). It has been reported that this L -serine inhibition may be prevented by the addition of L -isoleucine or L -threonine to the medium. In our study, however, recovery of the growth inhibition of Escherichia coli by L -serine occurred in the presence of several amino acids, especially L -phenylalanine. In an attempt to further elucidate this inhibition mechanism, different intermediates of aromatic amino acid biosynthesis were added to the growth medium. Recovery from the inhibition did not occur in the presence of prephenate but did occur when phenylpyruvate was added to the medium. The specific activity of prephenate dehydratase decreased in cells grown in the presence of L -serine. However, L -serine did not inhibit in vitro prephenate dehydratase activity, and the expression of pheA, which encodes the prephenate dehydratase, was not depressed by L -serine. We suggest that L -serine acts via another inhibition mechanism. Although this inhibition mechanism has not been fully elucidated, our results suggest that the addition of L -serine to the growth medium inhibits prephenate dehydratase synthesis and thus affects L -phenylalanine biosynthesis.
Some amino acids are known to inhibit bacterial growth ( 1 ) . For example, glycine is used as a food additive, not only to improve nutrition or enhance flavour, but also as a preservative ( 2 , 3 ) . It has been reported that the mechanism of growth inhibition by glycine is due to inhibition of UDP-N -acetylmuramate-L -alanine ligase (EC 6.3.2.8; L -alanine adding enzyme) which leads to abnormal bacterial cell wall synthesis ( 4 , 5 ) . Another amino acid, L -valine, inhibits acetohydroxy acid synthase (EC 4.1.3.18) ( 6 , 7 ). L -Valine not only inhibits enzyme activity but also depresses the gene expression. It has been reported that the simultaneous addition of L -isoleucine or L -threonine with L -serine to the medium restores the cell growth inhibition caused by L -serine, and that L -serine inhibits homoserine dehydrogenase (EC 1.1.1.3), the enzyme involved in L -isoleucine biosynthesis ( 8 , 9 ) .
We previously isolated a bacterium present on the surface of dry soy beans and identified it as Bacillus subtilis MF920 ( 10 ) . We tested 20 amino acids in a search for amino acids which inhibited the growth of B. subtilis , and found L -serine to be the most effective inhibitor ( 10 ) . In our study, however, growth inhibition of B. subtilis by L -serine was prevented by the addition of aromatic amino acids (unpublished data). The nutrients required to remove the cell growth inhibition were different from those mentioned in previous reports ( 8, 9 ) . These results suggest that the mechanism of growth inhibition by L -serine is not only due to inhibition of homoserine dehydrogenase I, but also to another mechanism. Commercially available L -serine is produced by fermentation using bacterial mutants resistant to Lserine repression ( 11 ) . The further elucidation of the inhibition mechanism induced by L -serine may open the possibility to extend the usage of L -serine as a preservative agent and may suggest other possibilities for its production. In the present study we have examined the mechanism of growth inhibition by L -serine and report that it inhibits cell growth by decreasing the activity of prephenate dehydratase, an enzyme involved in phenylalanine and tyrosine biosynthesis.
MATERIALS AND METHODS
Materials. All chemicals were of analytical grade. Prephenic acid as barium salt was purchased from Sigma (St. Louis, MA). Thiamin hydrochloride and pyridoxine hydrochloride were from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Riboflavin, d -pantothenic acid calcium salt and folic acid were from Nacalai Tesque, Inc. (Kyoto, Japan). Vitamin-free casamino acids were bought from Difco (Detroit, MI). Total RNA was extracted with an RNeasy Mini Kit, RNase-Free DNase Set and RNAprotect Bacteria Reagent (Qiagen; Hombrechtikon, Switzerland). The primers were purchased from Griner Japan (Tokyo, Japan). RT Determination of generation times. Cell growth was monitored by measuring turbidity at 660 nm. Cultures pre-incubated with the minimal medium in the logarithmic phase were inoculated to the medium supplemented with L -serine and/or other nutrients. The generation times were calculated from the linear region of the growth curve by measuring the time needed for the turbidity of the culture to double. The nutrition supplied to the medium was 0.01% vitamin-free casamino acids, 0.01% amino acids, 10 mol/L vitamins (thiamin, riboflavin, pyridoxine, folic acid and pantothenic acid, respectively), or 0.01% nucleobases (adenosine and cytosine, respectively). L -Serine was added at a concentration of 2%.
Assay of prephenate dehydratase. E. coli was grown with or without L -serine in minimal medium aerobically at 37˚C for 3 h. After cultivation, cells were harvested by centrifugation (5,000 g , 5 min). Cell-free extract was prepared by the method of Görisch ( 12 ) . The cells were suspended with 0.1 mol/L potassium phosphate buffer (containing 2.5 ϫ 10 Ϫ 4 mol/L EDTA, pH 7.0) and the specific activity (nmol/min/mg protein) of prephenate dehydratase was determined according to the method of Fischer and Jensen ( 13 ) .
Detection of pheA mRNA by RT-PCR. E. coli was grown in the same manner as described for the assay of prephenate dehydratase. After cultivation, the cells were harvested, centrifuged and washed with 0.9% NaCl solution. Total RNA was extracted from E. coli with an RNeasy Mini Kit, RNase-Free DNase Set and RNAprotect Bacteria Reagent. Approximately 100 ng of total RNA was applied to RT-PCR. RT-PCR was carried out with the Super Script One-Step RT-PCR kit with Platinum Taq. The primers used were 5 ¢ -ATGACATCG-
The RT-PCR products were electrophoresed on 3% agarose gel with Tris-Acetate buffer. The bands were dyed with ethidium bromide and detected with UV. The gel was photographed with Polaroid-type film. The intensity of each band was analyzed using ImageJ 1.34 software (NIH). The RT-PCR product was detected as optical image density units. The integrated density of the band from pheA , tyrA , and tyrB was calculated for the density of the band from 0% L -serine.
RESULTS AND DISCUSSION

Growth of E. coli in minimal medium with L -serine
The growth curves of E. coli in medium containing Lserine are shown in Fig. 1 . The generation times in 0, 1, and 2% L -serine were approximately 1, 2, and 4.3 h, respectively. The growth of E. coli was inhibited by Lserine and the growth rates were inversely dependent on the concentration of L -serine. Because the inhibition of bacterial growth by 2% L -serine was significant, we used the concentration of 2% L -serine in the following investigations.
Recovery from L -serine-induced growth inhibition by amino acids
Effects of nucleobases, vitamins, and casamino acids on E. coli growth inhibited by L-serine were tested ( Table  1) . Recovery of E. coli growth was not observed after addition of nucleobases, adenosine or cytosine to the medium containing L-serine. The vitamins, thiamin, pyridoxine, riboflavin, pantothenic acid and folic acid, were also ineffective in stimulating recovery of growth. However, recovery did occur when casamino acids (a vitamin-free preparation of hydrolyzed casein) were added to the medium. The generation time of E. coli cultivated in medium containing both 2% L-serine and 0.01% casamino acids was almost the same as for the control.
To clarify which amino acids among the casamino acids led to recovery from the inhibition by L-serine, we divided 19 amino acids into six groups. Table 2 shows that only the group containing L-phenylalanine, L-tryptophan and L-tyrosine induced recovery from the inhibition. These three amino acids were therefore added to the medium separately to reveal which of them has the potential to prevent or reverse the growth inhibition. Almost complete recovery occurred only with L-phenylalanine, as shown in Table 3 . The other two aromatic amino acids, L-tyrosine and L-tryptophan, were only partially effective in restoration of growth.
Effect of L-serine on biosynthesis of L-phenylalanine, L-tryptophan, and L-tyrosine
The biosynthetic pathways of L-phenylalanine, Ltryptophan and L-tyrosine are shown in Fig. 2 . The generation times of E. coli in the presence of the intermediates of these aromatic amino acids are shown in Table  4 . Recovery from the growth inhibition caused by Lserine did not occur in the presence of anthranilate, shikimate or chorismate, but did occur to some extent with prephenate. More complete recovery was observed with phenylpyruvate and 4-hydroxyphenylpyruvate, with the former allowing complete recovery. These results suggest that L-serine affects the prephenate dehydratase, which catalyzes the reaction from prephenate to phenylpyruvate.
Depression of prephenate dehydratase activity by L-serine
As shown in Fig. 3 , the specific activity of prephenate dehydratase in cells grown with 2% L-serine was 40% lower than in cells grown without L-serine. The decrease of activity was proportional to the concentration of L-serine added to the medium. However, addition of L-serine to the reaction mixture containing the crude enzyme from cells incubated without L-serine did not affect the activity (data not shown). These results suggest that L-serine does not inhibit the enzyme reaction but rather enzyme biosynthesis.
The product of the pheA gene is the bifunctional enzyme, chorismate mutase and prephenate dehydratase. Chorismate mutase catalyzes the conversion of chorismate to prephenate and prephenate dehydratase catalyzes the conversion of prephenate to phenylpyruvate. These steps are the final two steps in the biosynthesis of L-phenylalanine, and the prephenate dehydratase is the rate-limiting enzyme in the biosynthesis of these aromatic amino acids in microorganisms (14) (15) (16) . The biosynthesis of phenylalanine is regulated by prephenate dehydratase, whose activity is itself regulated by the end product, phenylalanine. The enzyme is E. coli was cultivated in minimal medium. Adenosine and cytosine were added as nucleobases at a concentration of 0.01% into the medium; folic acid, riboflavin, pyridoxine, pantothenate, and thiamin were added as vitamins at 10 mol/L; and vitamin-free casamino acids were added at 0.01%. Amino acids were added to the minimal medium at 0.01%. Aromatic amino acids were added to the medium at a concentration of 0.01%. encoded by pheA. The expression of pheA is regulated by pheU (17, 18) . The product of pheU is tRNA Phe which acts as a protein repressor of pheA (19) . As L-serine had no effect on the activity of prephenate dehydratase in vitro, we assumed that L-serine might inhibit the expression of pheA. We therefore investigated the expression of the mRNA of pheA.
Influence of L-serine on the expression of pheA
The result of electrophoresis of the RT-PCR products is shown in Fig. 4 . The RNA was extracted from cells incubated with or without L-serine. The RT-PCR products of pheA gene were quantified by using tyrA and tyrB products as internal standards. The tyrA gene encodes prephenate dehydrogenase and tyrB gene encodes aromatic amino acid aminotransferase. The density of each band was calculated from the density of the band derived from the corresponding RT-PCR product of E. coli incubated with 0% L-serine. The relative intensities of RT-PCR product of pheA from E. coli incubated with 0, 1, and 2% L-serine are 100.0Ϯ16.6, 93.3Ϯ13.8, and 99.7Ϯ15.8%, respectively. The relative intensities of RT-PCR product of tyrA from E. coli incubated with 0, 1, and 2% L-serine are 100.0Ϯ16.6, 101.6Ϯ14.9, and 97.2Ϯ12.8%, respectively. The relative intensities of RT-PCR product of tyrB from E. coli incubated with 0, 1, and 2% L-serine are 100.0Ϯ 16.6, 98.5Ϯ12.4, and 94.9Ϯ9.1%, respectively. The ratios of pheA product and the internal standard, tyrA product or tyrB product, were almost the same compared with those of 0% L-serine. The mRNA of pheA was not decreased by incubation with L-serine, which suggests that L-serine plays no role in the transcription of pheA. However, the total amount of prephenate dehydratase measured by the specific activity was decreased by L- Fig. 2 . Biosynthetic pathway of aromatic amino acids. Fig. 3 Prephenate dehydratase activity in E. coli grown with L-serine. E. coli was incubated with 0, 1 or 2% Lserine in the medium. The specific activity (nmol/min/ mg protein) of prephenate dehydratase was measured in the crude extract from the cell. The reaction mixture contained the extract and 1 mM prephenate in 50 mM phosphate buffer at pH 7.5. The reaction was stopped by addition of 2.5 M NaOH, then the mixture was measured spectrophotometrically at 320 nm. The data were presented as relative activity based on the specific activity with 0% L-serine. ** pϽ0.01, compared with control by Dunnett's test. Fig. 4 Effect of L-serine on the pheA transcription. RNAs were extracted from E. coli incubated with 0, 1, or 2% L-serine for 4 h. The RT-PCR products were electrophoresed in 3% agarose gel. The RT-PCR products of the pheA gene were quantified by using tyrA and tyrB products as internal standards.
serine addition (Fig. 3) . The mechanism of growth inhibition by L-serine therefore remains unclear. Hama et al. reported that homoserine dehydrogenase was inhibited by L-serine and suggested that this is the basic mechanism behind the inhibitory effect of L-serine (8, 9) . However, from the results of our investigation, we do not believe that the inhibition of homoserine dehydrogenase by L-serine is the only reason for growth inhibition. We cannot explain the recovery of growth in the presence of phenylalanine by inhibition of homoserine dehydrogenase. Nor does the inhibition of homoserine dehydrogenase by L-serine explain the fact that the addition of phenylpyruvate removes the growth inhibition caused by L-serine. There must therefore be another mechanism for growth inhibition by L-serine. Moreover, the expression of the mRNA of pheA, which encodes prephenate dehydratase, was not affected by the addition of L-serine. We suggest that L-serine has the ability to inhibit the translation of the protein synthesis of prephenate dehydratase. However, there is a possibility that L-serine was metabolized to another substance and the metabolite inhibited the bacterial growth. The mechanism and details are unknown.
In conclusion, we confirmed the bacteriostatic effect of L-serine on the growth of E. coli, which could be removed by addition of L-phenylalanine. These findings indicate that the bacteriostatic effect of L-serine is due to inhibition of the biosynthetic pathway of L-phenylalanine, in particular to a decrease in the activity of one of the enzymes, prephenate dehydratase. The effect of Lserine on prephenate dehydratase has not been fully explained, but the PCR result indicates that L-serine does not depress the expression of mRNA associated with tyrosine and phenylalanine biosynthesis. However, we need to investigate further the effect of L-serine on prephenate dehydratase. Commercial L-serine is produced by fermentation of bacterial mutants which are resistant to L-serine repression. Prephenate dehydratase inhibition by L-serine may therefore be due to a point mutation for L-serine inhibition. If the mechanism of transient inhibition by L-serine were fully elucidated, it is possible that L-serine could be an effective preservative like glycine.
